Using a combined master equation and kinetic cluster approach, we investigate RNA pseudoknot folding and unfolding kinetics. The energetic parameters are computed from a recently developed Vfold model for RNA secondary structure and pseudoknot folding thermodynamics. The folding kinetics theory is based on the complete conformational ensemble, including all the native-like and non-native states. The predicted folding and unfolding pathways, activation barriers, Arrhenius plots, and ratelimiting steps lead to several findings. First, for the PK5 pseudoknot, a misfolded 5′ hairpin emerges as a stable kinetic trap in the folding process, and the detrapping from this misfolded state is the rate-limiting step for the overall folding process. The calculated rate constant and activation barrier agree well with the experimental data. Second, as an application of the model, we investigate the kinetic folding pathways for human telomerase RNA (hTR) pseudoknot. The predicted folding and unfolding pathways not only support the proposed role of conformational switch between hairpin and pseudoknot in hTR activity, but also reveal molecular mechanism for the conformational switch. Furthermore, for an experimentally studied hTR mutation, whose hairpin intermediate is destabilized, the model predicts a long-lived transient hairpin structure, and the switch between the transient hairpin intermediate and the native pseudoknot may be responsible for the observed hTR activity. Such finding would help resolve the apparent contradiction between the observed hTR activity and the absence of a stable hairpin.
Introduction
An RNA pseudoknot structure is formed through base-pairing between loop and other regions of RNA such as loops or unpaired 5′ or 3′ ends. The simplest RNA pseudoknot is the H (hairpin)-type pseudoknot. As shown in Figure 1 (a) and (b), an H-pseudoknot consists of two stems, S 1 and S 2 , and two loops, L 1 and L 2 , that span across the deep (major) groove of S 2 and the shallow (minor) groove of S 1 , respectively. RNA pseudoknots play critical roles in a wide range of biological functions, from ribosomal frameshifting [1] [2] [3] [4] [5] [6] [7] to human telomerase RNA (hTR) activity [8] [9] [10] [11] [12] [13] [14] [15] and hepatitis delta virus ribozyme functions. [16] [17] [18] Several experiments have clearly demonstrated the essential kinetic roles in pseudoknot functions. For example, in ribosomal pausing at messenger RNA slippery sites and the − 1 frameshifting, 4 where pseudoknot plays a central role, the time scale of pseudoknot formation/ disruption is one of the key factors to determine the frameshifting efficiency. 1, 3 In hTR functions, genetic and biochemical experiments revealed the critical functional role of a molecular switch between hairpin and pseudoknot of hTR. 9, 10 For instance, mutants that alter the hairpin-pseudoknot equilibrium would cause hTR to lose activity, resulting in disease such as dyskeratosis congenita. [9] [10] [11] 14, 15 On the other hand, in a separate mutational study, a hairpin-destabilizing mutation was found to retain hTR activity, raising questions on the functional role of hairpin-pseudoknot switch. 13 It would be intriguing to understand whether such a mutation can possibly result in a kinetically (instead of thermodynamically) populated hairpin intermediate state.
The ability to quantitatively predict pseudoknot folding kinetics from the nucleotide sequence would be essential for the deconvolution of the molecular mechanisms of the functions of pseudoknots such as hTR.
Quantitative predictions for RNA secondary structures and secondary structure folding thermodynamics have been quite successful. [19] [20] [21] [22] [23] [24] [25] One of the possible limiting factors for predicting RNA folding has been the treatment of RNA pseudoknots. Recently, several computational models have been developed for pseudoknot structural prediction. [26] [27] [28] [29] [30] [31] [32] In particular, based on the rigorous statistical mechanics and a virtual bond model for pseudoknot structures, we recently calculated and tabulated pseudoknot loop entropy parameters for different pseudoknots. Using the loop entropy parameter table, we can predict free energy landscape for RNA pseudoknots, including the native structure and all the possible thermodynamic intermediates and their stabilities. However, despite the successful development of the folding thermodynamic stability and structural prediction models, there are relatively few folding kinetics models. Besides Monte Carlo 33 and analytical 34 kinetics calculations for RNA secondary structures, several computer simulation studies have been performed to analyze the dynamic behavior of hTR pseudoknot 35 and the folding pathway of hepatitis delta virus ribozyme. 36 These simulational studies provided useful insights into pseudoknot functions. For example, the simulated dynamic behaviors of hTR pseudoknot provided information about the structural fluctuations for hairpin with tandem mismatches and the related functional role. 35 However, the simulational studies are based on incomplete conformational sampling. The complete conformational ensemble for pseudoknot and secondary structures is huge. Monte Carlo simulations may miss some of the low-stability conformations, leading to incomplete conformational sampling. Such low-stability conformations can be important for the formation of transition states and possible kinetic traps. In the present study, we consider the complete conformational ensemble, including all the possible native-like and misfolded states. The work is motivated by the need to explore the global and complete landscape of the pseudoknot folding kinetics, such as the folding pathways for the experimentally proposed molecular switch of hTR.
Our pseudoknot folding kinetics model relies on the recently developed RNA pseudoknot folding thermodynamic model (denoted as Vfold, where V stands for Virtual Bond Model). 32 Based on the thermodynamic parameters derived from Vfold, we develop a combined master equation and kinetic cluster theory 34 for pseudoknot folding kinetics. From the model, we obtain folding pathways, inter- mediates, rates, rate-limiting steps, activation energies, etc., for RNA pseudoknot. After developing the model, we validate the model through comparisons with extensive experimental data such as the Arrhenius plot and the folding rate for the PK5 pseudoknot (a synthetic oligonucleotide). 37, 38 For a great variety of RNA pseudoknots, we find that pseudoknots fold/unfold through two-step (biphasic) processes, where a hairpin is formed as a kinetic intermediate in the first step followed by the ratelimiting disruption of the misfolded structures and the formation of the native pseudoknot. As a further application of the model, we investigate the kinetic pathways for the folding of the hTR pseudoknot. 10, 11 The results are in accordance with the experiments. Moreover, the predicted kinetic pathways provide mechanisms for the proposed hairpin-pseudoknot molecular switch.
Model and Theory

Kinetic moves and master equation
The master equation is constructed from the transition rates between different states. We define a state by the base-pairing pattern. For a given sequence, we enumerate all the possible base-pair patterns (=states) for the secondary structures and the pseudoknotted structures. For each given state, the helical stems are modeled as an A-form RNA helix, while the unpaired segments of the chain, such as the loops, are treated as flexible chains that can adopt multiple conformations. Therefore, a state usually corresponds to many accessible conformations. For a given state, the energies (enthalpies) of the basepairing/stacking are obtained from the empirical experimental parameters 39, 40 and the entropy is calculated from the Vfold model. 23, 24, 32 In the Vfold model, the conformation of the helix stems is described by the atomic coordinates of the virtual bonds of A-form RNA helices, and the loop conformations are exhaustively enumerated through selfavoiding walks of the virtual bonds. The number of conformations for a given state is determined by the viable conformations of the loops and other non-basepaired regions, the different orientations of the helix stems, and the volume exclusion between different parts of the chain. An important feature of the Vfold model is that it takes into account the mismatched intraloop base-pairing/stacking interactions.
Since RNA helices are mainly stabilized by the base stacking force, we assume that different RNA conformations are inter-converted via the formation and disruption of a base stack such as (a, b, c, d) in Figure 1 (c)-1 or a stacked base-pair such as (x, y) in Figure 1(c 41 For a kinetic move between states N and C in Figure 1 (c), the activation free energies are ΔG + ‡ = T (S C − S N ) and ΔG − ‡ = H C − H N for the formation and disruption of a base-pair/stack, respectively. Here S x and H x denote the entropy and enthalpy of state x (= N or C), respectively. The corresponding rate constants are thus given by the following equations:
where k B is the Boltzmann constant and T is the temperature. The constant k 0 is a prefactor fitted from the experimental data. 41 The rate constants for all transitions that cannot be connected by kinetic moves are set to be zero.
The time evolution of the population p i (t) for the ith state is governed by the following master equation: dp i ðtÞ dt
where ω is the total number of conformations and k x→y is the transition rate from state x to state y. The rate constants constitute an ω × ω rate matrix M, defined by matrix element:
From the eigenvalues λ m (m = 1, 2, … , ω) and eigenvectors n m , we obtain the populational kinetics for any given initial conformational distribution:
where p(t) = [p 1 (t), p 2 (t), … , p ω (t)] is the populational vector and C m 's are the coefficients dependent on the initial condition.
The advantages of the master equation are that (a) its solution is analytical and (b) the solution is based on the complete conformational ensemble. The disadvantages are (a) it cannot treat large molecules (> 30 nt) because of the large conformational space and (b) it cannot give microscopic pathways. Therefore, in order to treat long chains and to obtain the detailed pathways, we use the kinetic cluster approach, as described below.
Kinetic cluster method
For a system with discrete rate-limiting folding/ unfolding steps, we can classify the conformational ensemble into preequilibrated clusters. Different clusters are separated by the rate-limiting (slow) steps. 42, 43 The overall kinetics is determined by the much reduced network of clusters, from which we can perform the detailed kinetic analysis. 42 From the inter-conformation transition rate, for a folding process, a rate-limiting step is either (a) the formation of native base-pairs (stacks) with large entropic decreases or (b) the disruption of the nonnative base-pairs (stacks) with large enthalpic increases. For an unfolding process, rate-limiting steps are the disruptions of the native base-pairs (stacks) with large enthalpic increases.
For each pair of clusters C and C′ (see Figure 2 ), there usually exist multiple micro-pathways between them. Each micro-pathway connects a conformation i in cluster C to a conformation i′ in cluster C′. Throughout the study, we use micro-pathways to denote structural transformations at the level of conformations and use macro-pathways to denote transformations at the level of clusters. Each intercluster micro-pathway i → i′ between clusters C and C′ involves the rate-limiting kinetic move that separates the two clusters. The overall inter-cluster transition rates k C → C′ and k C′ → C are the averages over all the micro-pathways:
where p x (x = i or i′) is the equilibrium fractional population of conformation x in the respective cluster. Among all the micro-pathways from C to C′, the probability of folding or unfolding along the i → i′ micro-pathway is determined by the following partitioning probability (see equation (4)):
The largest f micro-path
gives the dominant micro-pathway.
A cluster is usually connected to several other clusters. The probability for a molecule to escape from cluster C through the C → C′ transition is determined by the following fraction.
The largest f macro-path
gives the dominant macro-pathway.
Folding rates with multiple intermediates
From the kinetic cluster method, we can identify the dominant macro-pathway. How to compute the rate constant along a macro-pathway, which, in general, can have multiple intercluster transitions (see Figure 2) ? If there exists Figure 2 (a)), the lowest eigenvalue of the rate matrix for the threestate (0, 1, 2 in Figure 2 (a)) system gives the rate
If the intermediate states (clusters) for a given macro-pathway are short-lived, we can then obtain an analytical expression for the rate constant as shown below. The condition of the short lifetime for the intermediates leads to the following recursive relation between rate k n for pathway 0 → n and k n−1 for pathway 0 → n − 1 in Figure 2 (a):
where the sum corresponds to the iterative rebounce processes and r n−1 and r n ′ are the forward and backward (rebounce) probabilities for a molecule in C n−1 and C n , respectively:
The above recursive relation results in the rate for a macro-pathway with n intermediates:
RNA pseudoknot folding and unfolding often involve several parallel folding pathways. The total folding rate is the sum of the rate over all the parallel pathways.
Activation energy
The temperature dependence of the rate constant (Arrhenius plot) reveals the information about the microscopic mechanism of the folding/unfolding kinetics. 34, [44] [45] [46] [47] [48] [49] [50] For simple two-state kinetics, the activation energy E a (the change in the mean energy (enthalpy) in the rate-limiting step) can be extracted from the Arrhenius equation:
If the folding process is rate-limited by an intercluster transition C → C′, then equations (3) and (9) lead to the following expression for E a :
Here H is the enthalpy of a conformation, ε denotes the activation barrier
for micro-pathway i →i′, and <> micro-path and <> cluster are the averages over the micro-pathways weighted by the fractional pathway partitioning factor f i → i′ micro-path (equation (4)) and the conformations in cluster C weighted by the equilibrium Boltzmann factor, respectively:
Clusters are separated by a rate-limiting step. ε a (i → i′) is the activation barrier for such rate-limiting step. Therefore, ε a (i → i′) is independent of the micropathway i → i′ and is a constant ε a . As a result, the activation barrier E a has a much simpler form:
If C → C′ is rate-limited by the formation/breaking of a base-pair (stack) whose kinetic barrier is entropic/enthalpic, ε a would be zero/positive (= the enthalpic change for the disruption of the ratelimiting base stack).
To understand the physical meaning of the expression for E a as shown in Figure 2 (b), we use i 0 to denote the most stable conformation in cluster C and assume i* → i′* to be the most probable micropathway for C → C′. Then the activation energy in equation (10) gives the enthalpic difference between i* and i 0 . Physically, this is the energy required to excite the transition from the most highly populated state i 0 to the kinetically most active state i*.
As a test, we find that the number of conformations for RNA secondary structures and pseudoknotted structures grows with the chain length L as ω = (0.2) (1.35)
L for a 77-nt transfer RNA sequence. 51, 52 Given the large number ω of the conformations, the most time-consuming step of the computational process is the calculation of the large number of the rate constants between all the possible kinetically connected pairs of the conformations. Therefore, the computation time for the folding kinetics calculation scales as ω × ω (= the number of conformational pairs). In the kinetic cluster approach, the number of clusters is dramatically smaller than the original number of conformations. Therefore, unlike the computation time, the limiting factor for the required computer memory in the calculation is not the inter-cluster rate matrix. Instead, the memory is determined by the required space to save the large number of the original conformations. Therefore, the required memory scales as ω. For a 45 -nt sequence that we tested, there are ω = 163,578 secondary and pseudoknot conformations. The folding kinetic computation took 150 min with a 56 M memory.
Results and Discussion
PK5 pseudoknot
As shown in Figure 3 , PK5 pseudoknot is a 26-nt synthetic oligonucleotide, 37, 38 which consists of two stems connected by two loops. We choose PK5 because it is one of the few pseudoknots of which the folding kinetics, including the activation energy and unfolding rate, has been experimentally measured.
Using the Vfold model for RNA pseudoknot folding thermodynamics, 32 we predict the native structure and the thermal stability for PK5. One of the problems presented in the folding thermodynamic calculation is how to treat the energetics for mismatched base-pairs. For a single mismatched base-pair in the internal loop, we add entropy and enthalpy penalties according to the sequencedependent energy parameters obtained from experiments. 38, 40 Theory-experiment 38 comparison shows that our native structure prediction is exact, and the predicted stability − 4.2 kcal/mol is very close to the experimental results of − 4.3 kcal/mol (NMR) and − 4.9 kcal/mol (optical). 38 Moreover, the predicted melting temperature, T m = 67°C, is also close to the experimental result, 64°C. 38 Folding kinetics experiments show that the folding of PK5 involves a misfolded 5′ hairpin 38 as a kinetic intermediate. The 5′ hairpin contains three non-native base-pairs, which must be disrupted in order for the native stem 1 to be formed (see Figure  3 ). We call a base-pair to be "native" if it exists in the native structure (PK5 pseudoknot) and "non-native" otherwise. Our folding thermodynamic calculation shows that the 5′ hairpin is substantially less stable than the native pseudoknot PK5 with an equilibrium constant [PK5]/[5′ hairpin] = 13.1 at T = 37°C. Therefore, the 5′ hairpin is thermodynamically unstable and can only possibly emerge in the form of a transient intermediate state.
Wyatt et al. have measured the (pseudoknot) → (5′ hairpin) unfolding rates at five different temperatures: 19.4°C, 22.2°C, 24.5°C, 27.2°C, and 29.5°C. The Arrhenius plot for the temperature dependence of the unfolding rate gives an apparent activation energy of about 42 kcal/mol. The experiment study suggested that the unfolding activation barrier corresponds to the disruption of stem 2 in the PK5 pseudoknot. 38 Based on the kinetic cluster analysis described above, we can predict not only the experimentally measured activation energy and the rate constants but also the detailed folding pathways for PK5 pseudoknot (Table 1) .
Relaxation kinetics
By exhaustively enumerating all the different arrangements of the base stacks, we find that the 26-nt pseudoknot-forming sequence can form 1328 possible secondary structures and 177 pseudoknotted conformations, with a total of 1505 states. We label the conformation state using I (N,NN) , where N is the number of the native base-pairs and NN is the number of non-native base-pairs. The two stems of a pseudoknot may or may not form coaxial stacking. For the PK5 pseudoknot, experimental results suggest the possibility of partial coaxial stacking. 37 Our predicted folding stability without coaxial stacking shows a better experimental agreement than that with coaxial stacking, 32 indicating that the coaxial stacking is weak. Therefore, as a Figure 3 . A schematic free energy landscape for the transition from the unfolded (coil) state to the PK5 pseudoknot at T = 37°C. A three-state process has been observed by the experiment. 38 The single-strand coil is found to form the misfolded hairpin first followed by the disruption of the three misfolded base-pairs (in bold). Then hairpin 1 folds into the native pseudoknot (PK5).
simplified approximation, we assume no coaxial stacking for PK5. Solving the eigenvalues and eigenvectors of the 1505 × 1505 matrix requires 6 min on a 3.06-GHz PC.
The 1505 × 1505 rate matrix for the complete conformational ensemble gives the full populational kinetics for each and every state. In Figure 4 , we show the populational kinetics in the folding process from the completely unfolded state at temperature T = 19.4°C. The populational kinetics curves clearly show that, consistent with the experiment, 38 the misfolded 5′ hairpin (denoted as I (3, 3) ) is a kinetic intermediate.
In order to obtain the detailed information about folding pathways, rates, and rate-limiting steps, we go beyond the conformational ensemble-based master equation approach by using the kinetic cluster approach. From the exhaustive examination for all the possible conformations, we find five rate-limiting base stacks. Four native base stacks, 10GA11-23UC24, 1GC2-14GC15, 9UG10-24CA25, and 11AC12-22GU23, are slow to form because of the large entropic decreases of ΔS = − 35.5, − 34.9, − 27.9, and − 26.2 kcal/mol·K, respectively. The formation of these four base stacks is thus ratelimiting. In addition, the disruption of the nonnative base stack 3GA4-23UC24 is also slow due to the large enthalpic increase of ΔH = 13.3 kcal/mol in the disruption process and is hence a rate-limiting base stack. According to the formation/disruption of these five base stacks, we classify the original conformational ensemble into 15 kinetic clusters. Conformations that do not contain any of these ratelimiting base stacks are classified as cluster L U , the misfolded 5′ hairpin (see Figure 3 ) is in a cluster denoted as L 1 , and the native PK5 pseudoknot is in the native cluster L N .
The overall folding kinetics can be described by the 15 × 15 rate matrix. The lowest nonzero eigenvalue of the rate matrix, denoted as λ 1 , corresponds to the rate constant of the slowest kinetic mode. If there exists a single pronounced slowest mode (smallest λ 1 ), then the kinetic process is single exponential and the relaxation rate k r is equal to λ 1 . For the system under folding condition (T < T m = 67°C), the relaxation rate k r is approximately equal to the folding rate k f . Likewise, under the unfolding condition (T > T m ), it is approximately equal to the unfolding rate k u .
In Figure 5 (a), we show the temperature dependence of λ 1 . We find that the eigenvector of the slowest mode is dominated by the components corresponding to the coil state and the native pseudoknot, suggesting that the slowest model for the folding process is the transition from the coil state to the native pseudoknot. The comparison with the Sequences in lines 1 to 6 are from Kierzek et al. 40 The last sequence is from Wyatt et al.
38
Figure 4. Folding kinetics for PK5 at T = 19.4°C. Populational kinetics from the exact master equation (a) and the kinetic cluster method (b). Populational curves for states whose populations never reach 10% are not shown. The two methods unambiguously show that the misfolded state (I (3,3) ), which is in cluster L 1 , is a kinetic intermediate in the folding from the coil state (I (0,0) ) to the native pseudoknot (I (8, 0) ). The two states whose populational kinetics are shown as thin dashed lines in (a) are contained in cluster L U . (c) The eigenvectors for the slowest mode (λ 1 ). Hairpin 2 is a stem-loop structure with stem 2 closed by a hairpin loop. exact master equation results ( Figure 5(a) ) shows that the 15 clusters can well describe the folding kinetics.
Folding pathways (19°C -30°C)
In the experiment, the rate constants are measured in the temperature range between 19°C and 30°C. 38 Our kinetic cluster theory gives two apparent parallel folding pathways. As shown in Figure 6 , the two folding pathways are
. Also shown in the figure are the dominant micro-pathways between the kinetically adjacent clusters on each pathway. We find that the folding pathways can be well described as biphasic processes, as explained in the following.
Phase I: Fast trapping in the misfolded state (10 − 5 -10 − 3 s). The coil state (I (0,0) ) in cluster L U rapidly folds into a misfolded 5′ hairpin (I (3, 3) in cluster L 1 ). Because the detrapping rate from the misfolded state is slow, the misfolded 5′ hairpin population would quickly accumulate to form a kinetic trap. Figure 4 (a) shows that about 80% of the population is trapped in the misfolded state I (3, 3) . What causes the fast folding from the coil state to the misfolded 5′ hairpin I (3, 3) ? First, from Figure 6 , we find that hairpin I (2, 3) is the most populated state in the preequilibrated distribution of cluster L U (25.2%). With a single kinetic move (the formation of the (1, 2, 14, 15) base stack), I (2, 3) is rapidly converted into the misfolded state I (3, 3) . The pathway from cluster L U to L 1 ′ is less probable because the pathway conformation I (2, 3) ′ in cluster L U is much less populated (0.03%) than I (2,3) (25.2%). Equation (3) gives that
As a result, most population would be trapped in the misfolded state I (3, 3) 
− 1 ∼ 10 − 5 s, which agrees with the populational kinetics curve shown in Figure 4 (a) and (b).
Phase II: Slow detrapping from the misfolded state (10 − 3 -10 − 1 s). From Figure 6 , we find that the slowest step for the overall kinetics is the detrapping process L 1 → L 2 . Since the most stable state in cluster L 1 is the misfolded 5′ hairpin I (3,3) , the detrapping transition from L 1 corresponds to the breaking of I (3, 3) . There exist two detrapping pathways from L 1 :
, with rates (from equation (8)) k f (path1) = 64.0 s − 1 and k f (path2) = 33.1 s − 1 , respectively. Therefore, the total folding rate (k F ) can be calculated as a sum of the two pathways
which is close to 100.1 s − 1 from the exact master equation. The estimated rate, which accounts for the contributions only from the above two dominant pathways, is slightly smaller than the total folding rate from the cluster analysis. This is due to the neglected contributions from other pathways. Because k f (path1) ≫ k f (path2) , the majority of the population in cluster L 1 would fold along pathway 1 into the final native state. Therefore, pathway 1 is the most dominant folding pathway. In the overall folding process, the transition from cluster L 1 to cluster L 2 , i.e., the disruption of the misfolded hairpin I (3, 3) , is rate-limiting.
Activation barrier of folding (19°C -30°C)
At temperature 19.4°C, the main folding pathway is Figure 6 . The slowest (ratelimiting) inter-cluster transition is L 1 → L 2 , which has a rate constant of 72.2 s − 1 . Equation (10) gives the activation energy for L 1 → L 2 as E a (path1) = 〈H〉 micro-path − 〈H〉 cluster L 1 =(−20.8)− (−33.9)= 13.1 kcal/mol.
To understand the result, we note that the misfolded 5′ hairpin (state I (3, 3) ) is the most stable state in cluster L 1 with a fractional population of 84%, while the dominated micro-pathway for L 1 → L 2 is I (3,0) → I (5,0) with a fractional pathway partitioning factor of f micro-path ≃ 93%. Therefore, the activation energy can be estimated as the energy required to excite the molecule from I (3, 3) to I (3, 0) . The two states differ by three base-pairs with a total enthalpy difference of 13.8 kcal/mol, which is close to E (path1) = 13.1 kcal/mol.
For the other detrapping pathway (
, which contains the 5′ hairpin I (3, 3) as the most stable state, the ratelimiting step and the activation energy are determined by the L 1 → L U transition, which is the slowest process on the pathway. The L 1 → L U I (8,0) ) to a misfolded 5′ hairpin (I (3,3) ).
transition is an unzipping process. Equation (10) gives the activation energy of E a (path2) = 12.9 kcal/ mol, which is close to the enthalpic change of 14.2 kcal/mol for the breaking of the rate-limiting base stacking 1GC2-14GC15.
The overall activation energy of folding can be estimated as the following:
where k f (path2) and k f (path2) are the folding rates of pathway 1 and pathway 2, respectively. The result agrees exactly with that obtained from the slope of the Arrhenius plot in Figure 5 (a).
Unfolding kinetics (19°C -30°C)
From the eigenvector of the slowest mode (= relative populational changes of different conformations) in Figure 4 (c), we find that the kinetic process can be primarily described as a transition I (3, 3) → I (8, 0) , where the population of the misfolded conformation I (3, 3) is depleted and most of the population is converted to the native pseudoknot I (8, 0) .
Because cluster L 3 ′, which contains I (5,0) ′ , and the native cluster L N (see Figure 6 ) can inter-convert rapidly, L 3 ′ and L N can quickly preequilibrate to form a "macrostate." As a result, the overall kinetics is effective between a macrostate (L 3 ′ + N) and the misfolded cluster L 1 . For such a two-state transition, the detailed balance principle relates the unfolding rate k U to the folding rate k F : Figure 6 . The folding of PK5 at temperature 19°C-30°C involves two parallel folding pathways:
Also shown in the figure are the inter-cluster transition rates (in s −1 ) and the dominant micro-pathways between adjacent clusters on the pathways. The shaded regions denote the rate-limiting base stacks.
Here k F under the folding condition (19°C-30°C) is approximately equal to the relaxation rate λ 1 (= the lowest eigenvalue of the rate matrix). In Figure  5 (b), we show the theory-experiment comparison for the unfolding rate k U at different temperatures. From the Arrhenius equation (equation (9)), the calculated unfolding rate gives an activation energy of 42 kcal/mol, which is in exact agreement with the experiment. 38 The calculated unfolding rate is slightly faster than the experiment. In our model, we have neglected the additional stability of the pseudoknot due to partial coaxial stacking between helices 37 and the stabilizing tertiary interaction between loop and helices. 3, 6, 7 The inclusion of such effects would lower the unfolding rate. But these additional interactions may not cause a notable change in the activation energy (42 kcal/mol).
Unfolding kinetics (T > T m = 67°C)
At high temperature (T = 80°C), the rate-limiting step for the unfolding of the native pseudoknot is controlled by the disruption of the base stacks of high enthalpic barriers. There exist two such rate-limiting base stacks, 1GC2-14GC15 and 10GA11-23UC24, whose disruption involves large enthalpic costs of ΔH = 14.2 kcal/mol and 13.3 kcal/mol, respectively. According to the two rate-limiting base stacks, we classify the 1505 conformations into four clusters: cluster H N for conformations with base stacks 1GC2-14GC15 and 10GA11-23UC24, cluster H 1 for conformations with base stack 1GC2-14GC15, cluster H 1 ′ for conformations with base stack 10GA11-23UC24, cluster H U for conformations without any of the two stacks.
As shown in Figure 7 , the kinetic cluster method gives two parallel unfolding pathways: H N → H 1 ′ → H U (pathway 1) and H N → H 1 → H U (pathway 2). Equation (6) for pathway 2, respectively. Pathway 2 is likely a more probable unfolding pathway. On pathway 2, the pseudoknot unfolds from stem 1 followed by the breaking of stem 2. Furthermore, from Figure 7 , we find that the rate-limiting step for the unfolding is from clusters H 1 ′ to H U , which, according to equation (10), has the activation energy of 27.1 kcal/mol. The estimated activation energy is close to the slope of the Arrhenius plot in Figure 5 (a) (29 kcal/ mol). The positive activation is mainly from the disruption of three base stacks between states I (5,1) ′ and I (2, 1) . The total enthalpy for the three base stacks is 31.4 kcal/mol.
Human Telomerase RNA (hTR) pseudoknots
It has been proposed that the conformational switch between a hairpin structure, denoted as HP WT , and the pseudoknot, denoted as PK WT , is critical to hTR activity. One of the experimental evidence is that mutations destabilizing the hairpin or the pseudoknot have been found to cause hTR to lose activity. [9] [10] [11] On the other hand, a recent functional analysis of hTR 13 showed that the destabilization of the hairpin HP WT could preserve the telomerase activity, which appeared to disagree with the conclusion about the functional importance of the hairpin ↔ pseudoknot conformational switch. We use an experimentally studied truncated hTR sequence 10 with 48 nt to study the folding kinetics of Figure 7 . The unfolding pathway from the native PK5 pseudoknot to the coil state I (0,0) . We find two parallel unfolding pathways (H N → H 1 → H U and H N → H 1 ′ → H U ). Also shown in the figure are the inter-cluster rate constants (in s −1 ). The rate-limiting base stacks are shown as the shaded regions.
hTR pseudoknot. The sequence contains two helix stems (p2b and p3) and the j2b/3 loop as well as the highly conserved nucleotide sequence of the j2a/3 loop in the hTR pseudoknot. 53 We show the HP WT hairpin structure in Figure  8(a) . Thermodynamic experiments 10, 11 suggest that the tandem mismatches in HP WT can stabilize the structure. To extract the energy parameter for the tandem mismatches from the measured free energy (ΔG = − 9.8 kcal/mol) and enthalpy (ΔH = − 92.0 kcal/mol) for the hairpin, 10, 11 we assume that three base stacks from base-pair (99U:U115) to (102U:C112) have approximately the same (ΔH, ΔS). With such approximation, the experimental results for (ΔG, ΔH) for the hairpin give (ΔH, ΔS) = (− 1.8 kcal/mol, − 9.2 kcal/mol K) for each base stack in the tandem mismatch. The other mismatches, 98GU-UC116, 102UU-AC112, and 104CU-UG110, are assigned the energy parameters according to the Turner rule. 39 To test the assigned energy parameters for the tandem mismatches, we calculate the heat capacity for the HP WT and compare it with the experiment in Figure 8 (b). The optical denaturation curves in the experiment are performed at 260 nm and 280 nm wavelengths. Consistent with the experiment, the calculated melting curve reveals two transitions in the experiment. The first peak corresponds to the unfolding of six base stacks from base-pair (99U:U115) to (105U: U109). And the second peak corresponds to the unfolding of six base stacks from base-pair (93G: C121) to (99U:U115). In general, the melting temperature in the calculation in 1 M NaCl is higher than that of the experiment in 200 mM due to lower ion concentration in the experiment.
Folding kinetics
In Figure 9 , we show the native structures of the wild-type pseudoknot-forming hTR sequence PK WT and the experimentally studied mutants: PK 179AG/110CU , 13 PK DC , and PK ΔU177 . [9] [10] [11] In the figure, the native structures of PK WT , PK 179AG/110CU , and PK ΔU177 are denoted by I (15, 0) or N and the native structure of PK DC is denoted by I (6, 7) or C 1 . For the PK 179AG/110CU mutant, the double mutation 179AG/ 110CU destabilizes the hairpin HP WT by disrupting the tandem mismatches in HP WT . For the PK DC mutant, the 107GC → AG mutation disrupts the most stable base stacking (5′GC-GC3′) in PK WT , thus destabilizing PK WT . In contrast, for PK ΔU177 , the deletion of 177U eliminates the single bulge loop in PK WT , thus stabilizing the pseudoknot PK WT .
For PK WT , PK 179AG/110CU , PK DC , PK ΔU177 , and the truncated short sequence HP WT , we find 150,090, 77,335, 195,640, 133,569, and 3938 conformations, respectively. For HP WT , we can use the exact master equation with a 3938 × 3938 rate matrix to obtain the exact solution for the eigenvalues and eigenvectors. However, for other sequences, the large number of conformations makes the computation with the master equation impossible, thus we use the kinetic cluster method.
In the kinetic cluster method, for PK WT , we exhaustively examine the rate for the formation/ disruption of each native and non-native base stack and classify the 150,090 conformations into 405 clusters. The eigenvalues and eigenvectors for the 405 × 405 rate matrix for the ensemble of clusters give the detailed folding kinetics for the PK WT pseudoknot.
In Figure 10 (a), we show the population kinetics of PK WT . In the folding process, clusters C 1 , C 1 ′, and C 2 emerge as populated intermediates. In Figure 9 , we show the kinetic pathways for PK WT . We use the most stable structure in each cluster to represent the respective cluster. For example, the hairpin I (6, 7) in the figure is the most stable structure in cluster C 2 for the PK WT folding pathway. In the first step, this misfolded hairpin emerges as a kinetic intermediate. In the second step, the hairpin is unzipped to form the native pseudoknot I (15, 0) . Our kinetic folding pathway gives strong support for the formation of a transient hairpin structure and the conformational switch between the hairpin structure and the pseudoknot. 9, 10 The hairpin structure I (6,7) (= HP WT ) and the native pseudoknot I (15,0) (= PK WT ) are formed in different stages of the folding pathway and can play different functional roles in telomerase activity.
Molecular switch and its relationship with telomerase activity
From the experiments, 9,10 it was found that the pseudoknot-destabilizing mutation PK DC and the pseudoknot-stabilizing mutation PK ΔU177 can reduce the telomerase activity to a much lower level. It was proposed that a molecular switch between hairpin and pseudoknot may be important for the telomerase activity because the two mutations that alter the thermodynamic equilibrium between the hairpin and the pseudoknot result in the reduction in telomerase activity. However, in a different recent experiment, 13 a hairpin-destabilizing mutation (PK 179AG/110CU ) was found to preserve the telomerase activity. How can the seemingly contradictory experimental results be consistent with each other?
We propose that the hTR activity is kinetically (instead of thermodynamically) controlled. The activity-preserving PK 179AG/110CU mutation, though it destabilizes the hairpin state in thermal equilibrium, can actually cause the formation of the hairpin structure as a transient (kinetic) intermediate in the folding process. It is the switch between such kinetically formed (non-equilibrium) hairpin and the native pseudoknot that plays a role in telomerase activity. Figure 9 . The kinetic intermediates appearing in the folding pathway for (a) PK WT , (b) PK 179AG/110CU , (c) PK DC , and (d) PK ΔU177 at T = 37°C. We find that, for the mutants PK WT and PK 179AG/110CU , the hairpin structure (I (6, 7) in PK WT and I (6, 0) in PK 179AG/110CU ) appears as a long-lived stable kinetic intermediate before the formation of the native pseudoknot. The native pseudoknot and the hairpin kinetic intermediate are absent for PK DC and PK ΔU177 , respectively.
To confirm the above hypothesis, we investigate the kinetic folding pathway for the three experimentally studied mutants. The original large conformational ensemble can be classified into 650, 434, and 290 clusters for PK 179AG/110CU , PK DC , and PK ΔU177 , respectively. In Figure 10 (b), (c), and (d), we give the populational kinetics for the three mutants. The kinetic intermediates on the folding pathways are shown in Figure 9 (b), (c), and (d). For PK 179AG/110CU , we find that, as we predicted, hairpin structure (I (6, 0) in cluster C 1 ; see Figure 9 (b)) is indeed a transient kinetic intermediate. Moreover, we find that the pseudoknot is absent in PK DC , since the mutant destabilizes the pseudoknot stability by disrupting the two canonical base-pairs in stem 2. We note that experimental studies on PK DC 10 suggested a partial formation (50% fractional population) of the pseudoknot. The theory-experiment disagreement is due to the neglected loop-stem tertiary interactions, which can significantly stabilize the PK DC pseudoknot. 11 In addition, we find that the hairpin structure (I (6, 7) or I (6, 0) ) is absent in the folding pathway of PK ΔU177 . The absence of the hairpin in PK ΔU177 and the pseudoknot in PK DC on the kinetic pathways explains why both PK DC and PK ΔU177 are not functionally active. From our kinetic study, we find that a stable pseudoknot in the equilibrium state (final state) and a kinetic hairpin intermediate may be essential for the telomerase activity. Such conclusion is consistent with the functional analysis of the telomerase activity. [9] [10] [11] 13 What causes the hairpin structure to be formed as a kinetic intermediate on the folding pathways for PK WT and PK 179AG/110CU ? The underlying mechanism is due to the slow folding rate for the pseudoknot. In Figure 11 , we give the detailed folding pathway from the hairpin to the pseudoknot for PK 179AG/110CU . The folding rate for forming the pseudoknot is determined by two factors: (1) slow forward folding C 1 → C 2 and (2) the competition between the rapid backward transition C 3 → C 2 and the slow forward folding C 3 → C 4 . The C 3 → C 4 transition corresponds to the formation of the single-nucleotide (U177) bulge loop and the AG: CU stack. Thus, deleting U177 as in mutant PK ΔU177 would accelerate the formation of the pseudoknot and thus prevent the formation of the hairpin C 1 in Figure 11 as a kinetic intermediate.
In conclusion, for the recent hairpin-destabilizing mutational experiment, we predict that the thermodynamically unstable hairpin structure (I (6, 0) ) is formed as a kinetic intermediate. 13 This finding is consistent with the proposed hairpin-pseudoknot molecular switch mechanism for hTR activity. [9] [10] [11] 13 Recently, Yingling and Shapiro performed molecular dynamics simulations to investigate the dynamics of the conformational fluctuations/changes for hTR hairpin 35 and pseudoknot. 54 In particular, the simulational studies predicted that the bulged U177 residue in the P3 helix stem of the pseudoknot (see the predicted structure N in Figure 9 (a)) can form dynamic wobble U:U base-pairs with the uridine residues in the J2b/3 loop. Such U:U pairs would juxtapose the J2b/3 loop and the P3 stem, Figure 10 . The populational kinetics for (a) the wild-type pseudoknot (PK WT ) and the three mutants (b) PK 179AG/110CU , (c) PK DC , and (d) PK ΔU177 at T = 37°C. We only show the cluster with more than 10% of the population's accumulation in the folding process.
causing the loop (J2b/3)-stem (P3) tertiary interactions. As a result, for the A174 residue in P3, its pairing with a uridine residue (e.g., U99) in the J2b/3 loop would lead to the disruption of its pairing with the U115 residue in the P3 stem. Therefore, the wildtype hTR is predicted to have a different structure (without the A174:U115 base-pair in P3) from the NMR structure (with the A174:U115 base-pair), which does contain the bulged U177 residue.
The current form of the folding kinetics model developed in this study does not treat loop-stem tertiary interactions. The model gives the pseudoknot folding kinetics prior to the formation of the tertiary interactions. The model cannot predict the tertiary disruption of the U115:A174 base-pair following the formation of the pseudoknot (structure N in Figure 9(a) ). Moreover, the present theory is based on a reduced atomic model for RNA conformations, namely, the virtual bond model (Vfold) of RNA. 23, 24, 32 In the Vfold model, a conformation is defined by the conformation of the nucleotide backbone and the base-pairing constraints. The model does not keep track of the detailed positions for each individual atoms in the sugar rings or in the chemical groups of the bases. Instead, the energy functions used in this model (implicitly) account for the interactions averaged over the ensemble of different atomic positions accessible to the given conformation.
For example, the model does not consider the particular position and the resultant interaction for the O 2 ′ atom of A174 and the O 4 ′ atom of A175, which were found to be in close proximity (and thus possibly repel each other) in the NMR experiment.
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Summary
The kinetic cluster approach enables a detailed analysis for RNA pseudoknot folding and unfolding kinetics, including rates, pathways, rate-limiting steps, activation energies, etc. Applications to PK5 and hTR pseudoknots reveal biphasic (two-step) folding kinetics: the chain is rapidly trapped in a misfolded 5′ hairpin state at t ∼ 10 − 3 s, followed by a detrapping transition from the misfolded hairpin to the native pseudoknot. The hairpin emerges as a kinetic intermediate because the hairpin → pseudoknot transition, which involves the breaking of the misfolded base-pairs and the formation of the pseudoknot loops, is slow.
In general, the hairpin → pseudoknot transition is the rate-limiting step of the overall folding process and the disruption of the misfolded base-pairs gives a positive activation energy.
For the hTR pseudoknot, the hairpin → pseudoknot mechanism may be essential for the telomerase activity and the function may be kinetically rather than thermodynamically controlled. For the experimentally studied mutation PK DC and PK ΔU177 , either the hairpin or the pseudoknot, respectively, is absent in the kinetic pathways, causing the reduction in telomerase activity for both PK DC and PK ΔU177 . For the hairpin-destabilizing mutation PK 179AG/110CU , Figure 11 . The detailed folding pathway from the hairpin I (6, 0) to the pseudoknot I (15, 0) for PK 179AG/110CU at T = 37°C. Also shown in the figure are the inter-cluster rate constants (in s −1 ).
however, the hairpin is found to emerge as a kinetic intermediate in the folding process. Therefore, PK 179AG/110CU preserves the telomerase activity. The present model neglects the loop-stem tertiary interactions. For PK5 pseudoknot, the predicted pseudoknot stability without loop-stem interaction (4.2 kcal/mol) is close to the experimental result (4.3 kcal/mol (NMR) or 4.9 kcal/mol (optical)), 38 suggesting a weak loop-stem interaction. Therefore, the loop-stem tertiary interaction would not cause significant changes in the predicted folding kinetics. For the hTR pseudoknot, though the loop-stem tertiary interaction (T m ∼ 40°C) is less stable than pseudoknot (T m ∼ 60°C), 7, 11 it can play significant structural and functional roles. Extensive RNA folding experiments have suggested that base-pairing patterns in the helix stems form first followed by the subsequent formation of the tertiary interactions. [55] [56] [57] [58] Here we assume that the loop-stem tertiary interactions are formed in the late stage after the pseudoknot (in the absence of the loop-stem tertiary interaction) is folded. Based on such an assumption, the results predicted in the present study would provide insights into the kinetics, including the formation of the transient hairpin intermediates, the rate-limiting steps, the rates, and the pathways, prior to the formation of the tertiary interaction. However, as a caveat, we note that the present study assumes a 1 M NaCl solution condition and neglects the effect of the Mg 2+ ions. Mg 2+ can significantly stabilize the tertiary interactions [59] [60] [61] and thus, depending on the nucleotide sequence and structural distribution, may possibly alter the folding pathways. Further development of the pseudoknot folding kinetics model should include loop-stem tertiary interactions. In fact, with the use of the Vfold model, 23, 32 which can give the chain entropy, it would be possible to obtain the loop-stem interaction energies from the thermodynamic experiments. Future development of the model by incorporating the tertiary interactions parameters and the Mg 2+ effects into the model would allow us to treat the complete RNA pseudoknot folding kinetics (including tertiary structural folding).
